In 1960, Nowell and Hungerford identified an abnormally small chromosome in patients with chronic myelogenous leukemia (CML) (Nowell and Hungerford 1960) . This abnormal chromosome, which is known as the Philadelphia (Ph 1 ) chromosome, was later identified as the result of a reciprocal translocation between the bcr gene on chromosome 22 and the abl gene on chromosome 9. The fusion of the bcr and abl genes produces a chimeric protein known as Bcr-Abl (Kurzrock et al. 1988; Rosenberg and Witte 1988; Ramakrishnan and Rosenberg 1989) . Three different fusion sites result in the formation of different Bcr-Abl protein products named p185, p210, and p230, each differing in the amount of bcr-encoded sequences they contain (Wada et al. 1995; Melo 1996; Pane et al. 1996). p185 Bcr-Abl has been observed in 15%-25% of patients with a very aggressive, short latency leukemia known as acute lymphoblastic leukemia (ALL). The p210 form of Bcr-Abl is the causative mutation in 95% of cases of CML, a less aggressive and longer latency disease (Ramakrishnan and Rosenberg 1989) . A 230-kD protein (p230) is the most recent form of Bcr-Abl discovered and is associated with a mild chronic neutrophilic leukemia (Wada et al. 1995; Pane et al. 1996).
In 1960, Nowell and Hungerford identified an abnormally small chromosome in patients with chronic myelogenous leukemia (CML) (Nowell and Hungerford 1960) . This abnormal chromosome, which is known as the Philadelphia (Ph 1 ) chromosome, was later identified as the result of a reciprocal translocation between the bcr gene on chromosome 22 and the abl gene on chromosome 9. The fusion of the bcr and abl genes produces a chimeric protein known as Bcr-Abl (Kurzrock et al. 1988 ; Rosenberg and Witte 1988; Ramakrishnan and Rosenberg 1989) . Three different fusion sites result in the formation of different Bcr-Abl protein products named p185, p210, and p230, each differing in the amount of bcr-encoded sequences they contain (Wada et al. 1995; Melo 1996; Pane et al. 1996) . p185 Bcr-Abl has been observed in 15%-25% of patients with a very aggressive, short latency leukemia known as acute lymphoblastic leukemia (ALL). The p210 form of Bcr-Abl is the causative mutation in 95% of cases of CML, a less aggressive and longer latency disease (Ramakrishnan and Rosenberg 1989) . A 230-kD protein (p230) is the most recent form of Bcr-Abl discovered and is associated with a mild chronic neutrophilic leukemia (Wada et al. 1995; Pane et al. 1996) .
The ability of Bcr-Abl to initiate leukemogenesis has been established through extensive studies in cell culture and animal models (Daley et al. 1990; Heisterkamp et al. 1990; Voncken et al. 1995) . Bcr-Abl is a deregulated tyrosine kinase that transforms both fibroblasts and hematopoietic cells in culture and cells transformed by Bcr-Abl can form tumors in nude mice (Daley and Baltimore 1988; Pendergast et al. 1993b; Afar et al. 1994; Cortez et al. 1995) . Irradiated mice transplanted with bone marrow cells expressing Bcr-Abl produce a myeloproliferative disease resembling CML (Daley et al. 1990 ). Additionally, animal models have been produced showing that mice expressing p185 Bcr-Abl produce a leukemic disease with a shorter onset than those expressing p210 Bcr-Abl (Kelliher et al. 1991; Voncken et al. 1995 ).
These observations resemble the clinical differences observed in Ph 1 + ALL and CML. Bcr-Abl is an inhibitor of hematopoietic cell death normally caused by growth factor removal and DNA damaging agents in vitro (McGahon et al. 1994; . The inhibition of programmed cell death, or apoptosis, is likely an important component of oncogenesis because its inhibition may provide a selective growth advantage to tumors (Thompson 1995) . In fact, the inhibition of apoptosis is thought to play a critical role in Bcr-Abl-mediated leukemogenesis in vivo (Clarkson and Strife 1993) . Ras is a necessary component of Bcr-Abl-mediated inhibition of apoptosis in hematopoietic cells and its activation is also necessary for cellular transformation in fibroblasts (Pendergast et al. 1993b; Cortez et al. 1995; Gishizky et al. 1995; Goga et al. 1995; Cortez et al. 1996) .
Although the antiapoptotic function of Bcr-Abl plays a role in its ability to transform cells, recent evidence suggests that Bcr-Abl also signals to activate mitogenic signaling pathways (Cortez et al. 1997) . In CML, chronic phase cells undergo additional cycles of cell division and in ALL, Bcr-Abl-expressing cells exhibit increased cellular proliferation compared with normal cells (Ribeiro et al. 1987; Clarkson and Strife 1993) . Also, Bcr-Abl-expressing hematopoietic cells are able to proliferate in a cytokine-independent manner (Carlesso et al. 1994; Laneuville et al. 1994; Cortez et al. 1995) . These observations suggest that Bcr-Abl may not only function to inhibit apoptosis but may also contribute to leukemogenesis by inducing cellular proliferation. A combination of these functions may be necessary for oncogenesis .
NF-B is a transcription factor that regulates genes involved in immune and inflammatory responses, cell proliferation, and cell differentiation (Grilli et al. 1993; Baeuerle and Henkel 1994; Siebenlist et al. 1994; Baldwin 1996) . Presently, there are five members of this family: p50/NF-B1, p52/NF-B2, RelA/p65, RelB, and c-Rel (Gilmore 1990; Kieran et al. 1990; Neri et al. 1991; Nolan et al. 1991; Ruben et al. 1991; Schmid et al. 1991; Bours et al. 1992; Ryseck et al. 1992) . Each of these proteins shares homology in a amino-terminal 300 amino acid region known as the Rel homology domain, which is important for DNA binding and dimerization between family members. This homo-and heterodimerization produces a variety of transcription factors with varying affinities for different NF-B DNA binding sites. Classic NF-B is a heterodimer composed of a RelA (p65) and p50 subunit (Kawakami et al. 1988; Baeuerle and Baltimore 1989) . The regulation of NF-B family members is achieved through interactions with a family of inhibitory proteins known as IB (Baeuerle and Baltimore 1988) . There are multiple members of the IB family, including IB␣ and IB␤, which bind to NF-B and sequester it in the cytoplasm (Baldwin 1996) . Stimulation of cells with inducers such as tumor necrosis factor ␣ (TNF␣) and interleukin-1 (IL-1) initiate the activation of a signal transduction cascade that culminates in the phosphorylation of IB␣ by a recently identified IB-specific kinase known as IKK/CHUK (DiDonato et al. 1997; Regnier et al. 1997) . Phosphorylation of IB␣ targets it for ubiquitination and subsequent degradation by the 26S proteasome (Palombella et al. 1994; Traenckner et al. 1994; Alkalay et al. 1995; Chen et al. 1995; DiDonato et al. 1995; Lin et al. 1995) . Once IB␣ is degraded, the nuclear localization signal (NLS) of NF-B is revealed allowing the translocation of NF-B from the cytoplasm into the nucleus where it regulates the transcription of target genes (Beg et al. 1992; Ganchi et al. 1992; Henkel et al. 1992; Zabel et al. 1993) . Similar mechanisms are thought to occur for other members of the IB family. In addition, recent reports have suggested that an alternative method to NF-B activation exists. These data show that NF-B-dependent gene expression is regulated not only by nuclear translocation but also at the level of transactivation of NF-B in the nucleus (Yoza et al. 1996; Finco et al. 1997; Wesselborg et al. 1997) .
Recently, evidence has emerged that NF-B plays a role in apoptosis by controlling genes involved in the inhibition of cell death (Arsura et al. 1996) . Work from our laboratory and others has shown that inhibition of NF-B sensitizes cells to killing by stimuli such as TNF␣ and cancer therapy drugs (Beg and Baltimore 1996; Liu et al. 1996; Van Antwerp et al. 1996; Wang et al. 1996) . This suggested that NF-B may activate genes whose products function to inhibit apoptosis. Additionally, the use of antisense oligonucleotides directed against IB to inhibit its activity leads to oncogenic transformation (Beauparlant et al. 1994) , and the use of antisense oligonucleotides against NF-B results in inhibition of tumorigenesis induced by HTLV-1 Tax (Kitajima et al. 1992 ). These observations and others have lead to the proposal that NF-B may play a fundamental role in controlling oncogenesis (La Rosa et al. 1994; Lee et al. 1995; Baldwin 1996; Finco et al. 1997; Mayo et al. 1997) . Together, these data suggest that NF-B may be an important target in the signal transduction pathways utilized by the products of oncogenes.
Our data indicates that Bcr-Abl activates NF-B-dependent gene expression in a tyrosine-kinase dependent manner. Bcr-Abl signaling leads to an increase in NF-Bdependent gene expression by enhancing the nuclear translocation of NF-B in 32D myeloid cells as well as by increasing the transactivation function of RelA/p65 in Baf3 pro-B and 32D cells. In addition, Ras is at least partially required for Bcr-Abl-mediated NF-B activation. Although NF-B has been shown to be antiapoptotic, NF-B activity is not a necessary component of the BcrAbl mediated antiapoptotic pathway following growth factor deprivation or exposure to DNA damaging agents in 32D cells. These data suggest that Bcr-Abl utilizes an alternative pathway or multiple signaling pathways to protect cells from death. Importantly, tumor challenge studies in nude mice and primary bone marrow transformation assays reveal a requirement for NF-B in tumorigenesis and transformation by Bcr-Abl. Therefore, the involvement of NF-B in oncogenesis could have important implications for the development of therapies to treat Ph 1 +-leukemias and potentially other cancers.
Results

Bcr-Abl activates NF-B-dependent gene expression
Activation of NF-B is associated with its dissociation from IB molecules in the cytoplasm and subsequent translocation into the nucleus (Finco and Baldwin 1995; Verma et al. 1995) . Translocation of NF-B into the nucleus results in DNA binding at NF-B-responsive elements, an event that can be monitored through electrophoretic mobility shift assays (EMSAs). To address whether Bcr-Abl activates NF-B, EMSAs were performed on nuclear extracts obtained from 32D myeloid cells stably expressing p185 or p210 Bcr-Abl (32D/p185 or 32D/p210). Parental 32D cells contain little NF-B DNA-binding activity whereas 32D/p185 or 32D/p210 cells contain increased DNA-binding activity (Fig. 1A) . However, Bcr-Abl does not increase NF-B DNA-binding activity in the pro-B cell line, Baf3 (Fig. 1B) . Supershift analyses were performed to identify the components of the induced complexes in 32D cells. Antibodies specific for the p50 and RelA/p65 subunits of NF-B supershifted the DNA-binding complex activated by BcrAbl in 32D cells (Fig. 1A) . Therefore, the presence of Bcr-Abl in 32D myeloid cells leads to an increase in authentic NF-B (p50/p65) DNA-binding activity. Translocation of NF-B into the nucleus and subsequent binding to NF-B-responsive elements leads to an increase in the transcription of NF-B-regulated genes (Baldwin 1996) . Luciferase reporter assays were performed to determine whether the increase in nuclear NF-B DNA binding found in 32D cells correlates with an increase in NF-B-dependent gene expression. These assays were performed by use of a luciferase reporter construct fused to a promoter containing three NF-B binding sites (WT B luc). Parental 32D cells were transiently cotransfected with WT B luc and expression constructs for p185 or p210 Bcr-Abl. Expression of either form of Bcr-Abl activates gene expression ( Fig. 2A) . In addition, 32D/p185 and 32D/p210 stable cell lines also exhibit increased NF-B-dependent gene expression relative to the parental cell controls (Fig. 2B) . A reporter construct with three mutated NF-B binding sites (mutant B luc) is not activated by Bcr-Abl expression, indicating that activation of gene expression is NF-B-dependent (Fig.  2B) . Bcr-Abl transforming activity is dependent on the constitutively active tyrosine kinase activity of the Abl portion of the protein (Pendergast et al. 1993b; Afar et al. 1994) . Importantly, expression of a mutated form of p210 (p210K-R), which lacks Bcr-Abl tyrosine kinase activity, is unable to activate NF-B-dependent gene expression ( Fig. 2A) .
In addition, we tested whether Bcr-Abl could activate NF-B-dependent gene expression in Baf3 cells. Transient or stable expression of Bcr-Abl in Baf3 cells results in a significant increase in NF-B-dependent gene expression by use of the luciferase reporter assay (Fig.  2C,D) . This result is intriguing because stable expression of Bcr-Abl in Baf3 cells does not lead to an increase in nuclear NF-B (Fig. 1B) . In addition, a kinase inactive form of p185 (p185K-R) is unable to activate NF-B-dependent gene expression (Fig. 2C ). This data suggests that Bcr-Abl may activate NF-B in Baf3 cells by a mechanism other than nuclear translocation.
v-Abl is the viral transforming counterpart of the cellular gene, c-Abl, and unlike c-Abl it exhibits constitutive tyrosine kinase activity (Rosenberg and Witte 1988) . Because Bcr-Abl and v-Abl both exhibit deregulated tyrosine kinase activity and this activity is necessary for NF-B activation by Bcr-Abl, we were interested in determining whether v-Abl could activate NF-B activity in 32D myeloid and Baf3 pro-B cells. Transient coexpression of v-Abl and WT B luc in 32D cells results in an increase in NF-B-dependent gene expression in both cells types whereas overexpression of c-Abl has no effect on gene expression (data not shown). In addition, coexpression of v-Abl with the mutant B luc reporter reveals that activation is NF-B-dependent (data not shown). These experiments indicate that constitutive Abl tyrosine kinase activity results in activation of NF-B.
Bcr-Abl activates the transactivation domain of RelA/p65 in a Ras-dependent manner
Despite an apparent lack of NF-B nuclear accumulation in Baf3 cells expressing Bcr-Abl, a significant increase in NF-B-dependent gene expression is observed. Luciferase reporter assays were performed to determine whether Bcr-Abl can stimulate NF-B-dependent gene expression by activating the transactivation domain of pre-existing nuclear RelA/p65. Parental Baf3 cells were transiently cotransfected with a luciferase reporter construct fused to a promoter containing five Gal4 DNA-binding sites (Gal-luc), along with expression constructs encoding the Gal4 DNA-binding domain that lacks a transactivation domain (Gal4-DB) or the Gal4 DNA-binding domain fused to transactivation domain 1 (TA1 of RelA/p65 (Gal4-p65) (Schmitz et al. 1995) . These transfections were performed in the presence or absence of expression constructs encoding p185 Bcr-Abl. Transient expression of p185 Bcr-Abl activates the transcription function of Gal4-p65 but has no effect on gene expression in the absence of a transactivation domain (Gal4-DB) (Fig. 3A) . In addition, p185K-R is unable to activate Gal4-p65 (Fig.  3A) . Also, transient expression of p185 Bcr-Abl does not significantly activate (1.3-fold) Gal4 fused to the transactivation domain of SP1 (Gal4-SP1-B) (data not shown). Whereas 32D cells show an increase in NF-B nuclear translocation in the presence of Bcr-Abl (Fig. 1A) , luciferase reporter assays were performed to determine whether activation of RelA/p65 also plays a role in NF-B-dependent gene expression by Bcr-Abl in these cells. Expression of p185 Bcr-Abl is able to activate Gal4-p65 in 32D cells without affecting transcription of Gal4-DB (data not shown).
Because Ras activation is a necessary component of Bcr-Abl signaling (Pendergast et al. 1993b; Cortez et al. 1995; Gishizky et al. 1995; Goga et al. 1995; Cortez et al. 1996) , we were interested in determining whether the activation of NF-B by Bcr-Abl also relies on Ras. Parental Baf3 cells were transiently cotransfected with Galluc, Gal4-p65, and an expression construct for p185 BcrAbl. This experiment was performed in the presence or absence of a dominant negative form of Ras that contains an alanine mutation at amino acid 17 (RasA17). Expression of RasA17 blocked the ability of Bcr-Abl to fully activate NF-B (Fig. 3C ). In addition, expression of RasA17 has no effect on NF-B-dependent gene expression in response to TNF␣ (data not shown), indicating that RasA17 does not decrease gene expression nonspecifically or inhibit NF-B in Baf3 cells. Also, ␤-galactosidase staining revealed that no significant cell death was observed in the presence of RasA17 in Baf3 cells (data not shown). These results support a model in which Bcr-Abl leads to the activation of RelA/p65 by requiring a signaling pathway that, at least in part, utilizes a Ras or Ras-like molecule.
Bcr-Abl does not require NF-B to protect cells from death following IL-3 withdrawal
To address the role of NF-B activation in Bcr-Abl signaling, it was necessary to inhibit NF-B activity in BcrAbl expressing cells. To block NF-B activation, we utilized a super-repressor form of IB␣. This IB␣ contains serine to alanine mutations at the sites of inducible phosphorylation (serines 32 and 36). Phosphorylation of these serines is required for IB␣ degradation and subsequent NF-B activation (Brockman et al. 1995; Traenckner et al. 1995; Whiteside et al. 1995; DiDonato et al. 1996) . Therefore, this mutated form of IB␣ (IB␣-super-repressor; IB␣-SR) is unable to be inducibly phosphorylated and subsequently degraded and, therefore, continuously sequesters NF-B in the cytoplasm. Like IB␣, the IB␣-SR not only inhibits nuclear translocation of NF-B but also enters the nucleus and removes NF-B bound to DNA (Zabel and Baeuerle 1990) .
To test the role that NF-B plays in Bcr-Abl signaling we introduced the IB␣-SR into Bcr-Abl-expressing 32D cells. 32D/p185 or 32D/p210 cells were infected in the presence of IL-3 with a retrovirus expressing the IB␣-SR. Mass populations and clonal cell lines were obtained by G418 selection that express both Bcr-Abl and the IB␣-SR (32D/p185/SR; 32D/p210/SR) (Fig. 4A) . Western blot analysis reveals that these cells show a dramatic loss of endogenous IB␣ (Fig. 4A) . Loss of endogenous IB␣ in cells expressing the highly stable IB␣-SR most likely reflects a decrease in free IB␣ (caused by the short half-life of uncomplexed IB␣) and a decrease in IB␣ gene expression, which is regulated by NF-B (Brown et al. 1993; Rice and Ernst 1993; Scott et al. 1993; Sun et al. 1993; Chiao et al. 1994) . Therefore, the loss of endogenous IB␣ is a good indication of the presence of a functional IB␣-SR. EMSAs were performed to determine whether the IB␣-SR is, in fact, functional in inhibiting NF-B activity in Bcr-Abl-expressing cells. These analyses revealed that the increased NF-B DNA binding observed in 32D/p185 and 32D/p210 cells is eliminated in 32D/p185/SR and 32D/p210/SR cells (Fig. 4B) .
It has been shown that TNF␣ treatment of cells ex- pressing the IB␣-SR or of cells that lack expression of RelA/p65 (p65
) results in apoptosis (Beg and Baltimore 1996; Van Antwerp et al. 1996; Wang et al. 1996) . Therefore, as an additional test to determine whether the IB␣-SR is functional in 32D/Bcr-Abl cells, 32D, 32D/ p210, a 32D/p210/SR mass population (mp), and a 32D/ p210/SR clonal cell line (H3) were treated with TNF␣. Percent viability and apoptosis were monitored at various times following TNF␣ treatment. 32D and 32D/ p210 cells remained viable and showed little apoptosis whereas the 32D/p210/SR-mp and the 32D/p210/SR clonal cell line (H3) significantly lost cell viability and readily underwent apoptosis following 24 hr TNF␣ treatment (Fig. 4C) . Similar results were obtained in 32D/ p185/SR-mp cells and in all clones analyzed (data not shown). Interestingly, the 32D/p210/SR-mp cells did not undergo as extensive apoptosis as the clonal cell lines did. We found, through Western blot analysis, that cells exist in the mass population that express very little or no IB␣-SR (data not shown). These cells would not be expected to die in response to TNF␣ and the population, as a whole, would exhibit decreased apoptosis as observed in the data obtained above. The difference between the IB␣-SR mass populations and the clonal cell lines will become an important point in a later section (see below). Therefore, the IB␣-SR is functional because it inhibits NF-B activation by Bcr-Abl and inhibits NF-B-dependent gene expression that is required to inhibit apoptosis in response to TNF␣ treatment (Beg and Baltimore 1996; Liu et al. 1996; Van Antwerp et al. 1996; Wang et al. 1996) . 32D cells rapidly undergo apoptosis when grown in the absence of IL-3 (Valtieri et al. 1987) . However, the requirement for IL-3 is abolished when the cells express Bcr-Abl because apoptosis is blocked by Bcr-Abl in these cells (Daley and Baltimore 1988; Cortez et al. 1995) . Coexpression of the IB␣-SR with Bcr-Abl in 32D cells blocked Bcr-Abl-mediated activation of NF-B (Fig. 4A-C) . To determine the effect of NF-B inhibition on the ability of Bcr-Abl to inhibit apoptosis, we monitored 32D/p185/SR cell viability following IL-3 withdrawal. Cell death was not observed upon IL-3 withdrawal of 32D/p185/SR cells because Bcr-Abl continued to render the cells IL-3-independent even in the presence of the IB␣-SR (Fig. 4D) . Similar results were obtained with 32D/p210/SR cells (data not shown). Significant cell death was observed in 32D parental control cells following IL-3 withdrawal (Fig. 4D) . It is important to note that 32D/Bcr-Abl/SR cells can survive in the absence of IL-3 whether the cell lines are obtained by infecting 32D/ Bcr-Abl cells with the IB␣-SR or by introducing BcrAbl into 32D/SR cells (data not shown). Identical results were also obtained in DAGM/p210/SR myeloid cells (data not shown). In addition, 32D/Bcr-Abl cells expressing the IB␣-SR do not exhibit measurable growth defects compared with controls as shown through growth curve analysis and flow cytometric profiles (data not shown). Bcr-Abl also inhibits apoptosis in response to exposure to DNA damaging agents (Laneuville et al. 1994; McGahon et al. 1994; Cortez et al. 1995) . However, 32D/Bcr-Abl and 32D/Bcr-Abl/SR cells respond identically to DNA damage induced by etoposide treatment or exposure to ionizing radiation (data not shown). Therefore, NF-B activation is not required for Bcr-Abl to inhibit apoptosis of 32D cells following IL-3 withdrawal or in response to various DNA damaging agents (see also Discussion).
32D/Bcr-Abl cells expressing the IB␣-SR are deficient in their ability to cause tumor formation in nude mice
Whereas parental 32D cells are nontumorigenic, expression of Bcr-Abl in these cells generates a cell line capable of forming tumors in nude mice (Daley and Baltimore 1988; Pendergast et al. 1993b; Afar et al. 1994; . Recent evidence indicates that NF-B may be involved in oncogenic transformation (Kitajima et al. 1992; Beauparlant et al. 1994; La Rosa et al. 1994; Baldwin 1996; Finco et al. 1997; Mayo et al. 1997) . Therefore, our observations that Bcr-Abl activates NF-B functional activity led us to examine whether NF-B is involved in the tumorigenic potential of Bcr-Abl. 32D/Bcr-Abl cells and 32D/Bcr-Abl/SR-mp cells expressing the IB␣-SR were injected subcutaneously into 5-to 6-week-old athymic nude mice and tumor formation was monitored. 32D/p185 and 32D/p210 cells formed tumors which were first observed ∼9 days postinjection. The appearance of 32D/Bcr-Abl/SR-mp tumors occurred ∼12 days postinjection. Interestingly, at 18 days postinjection, 32D/p185/SR-mp or 32D/p210/SR-mp cells had formed tumors of greatly reduced size as compared with wild-type Bcr-Abl tumors (Table 1, Fig. 5A ). Western blot analysis of tumors from 32D/p185/SR-mp cell injections indicate that the cells in these tumors no longer express the IB␣-SR and endogenous IB␣ levels are equivalent to those in tumors formed by 32D/p185 (Fig. 5B) . Bcr-Abl is still expressed in these tumors (data not shown). Similar results were obtained with 32D/ p210/SR-mp cells (data not shown). In fact, no tumor examined from mass population 32D/Bcr-Abl/SR cells retained the IB␣-SR and all showed expression of endogenous IB␣. This result suggested that the mass populations used for injections were likely populations representing cells that express the IB␣-SR and a smaller population that does not (see above). On injection of the mass populations, the cells that contain the IB␣-SR may be deficient in tumor formation, but the remaining cells that lack IB␣-SR expression grow to form tumors. This would explain the tumorigenesis data observed with the 32D/Bcr-Abl/IB␣-SR-mp cell lines and would explain the delayed appearance of tumors by these cells. In order to address this point, clonal cell lines were injected that coexpressed Bcr-Abl and the IB␣-SR. Two 32D/p185/SR and two 32D/p210/SR clonal cell lines were injected into nude mice and monitored for tumor appearance. Although 32D/Bcr-Abl cells and the mass population 32D/Bcr-Abl/SR cells had formed sizeable tumors by 18 days postinjection, the 32D/Bcr-Abl/SR clones showed no evidence of tumor formation at this time (Table 1) . Continued observation of the mice injected with 32D/Bcr-Abl/SR clones revealed that 4 of 12 injections eventually formed tumors ∼32 days postinjection, which is ∼21-23 days slower than the appearance of wild-type tumors. These clonal cell line-derived tumors were removed 41 days postinjection and cell extracts were prepared for Western analysis. The cells from these tumors express the IB␣-SR, but more importantly, they contain elevated levels of endogenous IB␣ (data not shown). Therefore, these tumors may have formed from a population of cells that was able to partially overcome NF-B inhibition by the IB␣-SR. Taken together, these data strongly indicate that the activation of NF-B by Bcr-Abl is required for tumorigenesis of Bcr-Abl-expressing cells.
Expression of the IB␣-SR inhibits transformation of primary bone marrow cells by Bcr-Abl
Although NF-B is required for Bcr-Abl-mediated tumorigenicity in an established 32D cell line (Table 1) , we were interested in determining whether NF-B is also required for Bcr-Abl-mediated transformation of primary pre-B lymphocytes. Expression of Bcr-Abl from a retroviral vector causes transformation of primary mouse bone marrow cells resulting in outgrowth of pre-B lymphocytes in vitro (Rosenberg and Baltimore 1978; Whitlock and Witte 1982; McLaughlin et al. 1987) . To determine whether NF-B is necessary for Bcr-Abl-mediated transformation of hematopoietic cells, primary bone marrow transformation assays (McLaughlin et al. 1987 (McLaughlin et al. , 1989 were performed to determine whether the IB␣-SR is capable of suppressing transformation by Bcr-Abl. Primary bone marrow transformation assays have been used successfully in previous studies investigating downstream requirements of Bcr-Abl-mediated transformation (Sawyers et al. 1992; Dickens et al. 1997; Skorski et al. 1997) . To ensure that both p185 Bcr-Abl and the IB␣-SR were simultaneously expressed in each infected cell, we constructed bicistronic retroviral vectors that allow the simultaneous expression of two genes from a single retrovirus. Infection of primary bone marrow cells with control bicistronic retrovirus (empty-empty) does not lead to transformation of the cultures (Table 2 ). Infection of primary bone marrow cells with a bicistronic retrovirus that contains the gene to express only p185 Bcr-Abl (p185-empty) or a retrovirus that encodes for empty-empty 0/9 0/9 0/9 p185-empty 4/9 8/9 8/9 p185-Sense-IB␣-SR 1/9 3/9 3/9 b p185-Antisense-IB␣-SR 0/3 2/3 3/3 a Cell counts were monitored on a daily basis; cultures reaching >1 × 10 6 cells/ml are considered transformed. b Western analysis reveals that these three transformed cultures do not express the IB␣-SR. both p185 Bcr-Abl and the antisense sequence to the IB␣-SR (p185-AS-IB␣-SR) leads to the growth of transformed bone marrow cell cultures (Table 2) . However, infection of bone marrow cells with a retrovirus that encodes both p185 Bcr-Abl and the IB␣-SR (p185-IB␣-SR) results in transformation of only three of nine bone marrow cell culture samples (Table 2) . Importantly, Western blot analysis of these three transformed samples reveals that the IB␣-SR is not expressed in these cells (data not shown). These data resemble results obtained in the tumor formation assays (Table 1) , in which successful tumor growth caused by Bcr-Abl/IB␣-SR cells was associated with loss of expression of the IB␣-SR (Fig. 5B) . Similar results to those generated with the BcrAbl/IB␣-SR bicistronic virus were obtained when primary bone marrow cells were infected with two retroviruses separately encoding p185 Bcr-Abl and the IB␣-SR (data not shown). It should be noted that we were able to sustain growth of bone marrow cultures that express the IB␣-SR under the condition of G418 selection and in the presence of exogenously added growth factors that allow growth of primary bone marrow cells without the requirement for transformation (Skorski et al. 1996 ) (data not shown). This indicates that the IB␣-SR is not toxic to the growth of primary bone marrow cells. Together, this data strongly indicates a positive role for NF-B in leukemic transformation by Bcr-Abl.
Discussion
In this study we identify NF-B as a downstream component of a Bcr-Abl-initiated signaling pathway. Utilizing electrophoretic mobility shift analyses and transcriptional luciferase reporter assays we show that Bcr-Abl activates NF-B functional activity in 32D myeloid and Baf3 pro-B cells. NF-B activity is not necessary for normal IL-3 signaling in 32D cells or in DAGM myeloid cells (data not shown) and is not necessary for the ability of Bcr-Abl to inhibit apoptosis in response to IL-3 withdrawal. However, NF-B activity is required for tumorigenesis and transformation initiated by Bcr-Abl.
Whereas the role for NF-B in tumorigenesis has yet to be firmly established, recent work has suggested that this transcription factor may play a role in this process. The inhibition of NF-B activity through the use of antisense oligonucleotides to p65 was shown to inhibit HTLV-1 Tax-induced tumorigenesis (Kitajima et al. 1992) . More recently, NF-B activation has been shown to be necessary for tumor formation by Hodgkin's lymphoma cells in mice (Bargou et al. 1997) . Also, an increase in NF-B levels were identified in breast cancer cell lines, primary human breast cancer tumors and in primary rat mammary tumors when compared with nontransformed controls (Sovak et al. 1997 ). In addition, NF-B transcriptional activity is required for oncogenic Rasinduced cellular transformation (Finco et al. 1997) , which likely occurs through the inhibition of transformation-associated apoptosis (Mayo et al. 1997) . The role of NF-B in Bcr-Abl-mediated transformation is unknown and is currently under investigation.
The signaling pathway(s) employed by Bcr-Abl to activate NF-B remains to be elucidated. Classically, NF-B is activated by extracellular stimulation that utilizes a signaling pathway that leads to IB␣ phosphorylation, ubiquitination, and degradation by the 26S proteasome (Finco et al. 1995; Verma et al. 1995) . Free NF-B is then capable of entering the nucleus to increase the transcription of target genes. 32D cells expressing Bcr-Abl show an increase in nuclear NF-B (see Fig. 1 ). Therefore, BcrAbl may utilize a similar signaling pathway in 32D cells to target IB␣ degradation and subsequent NF-B nuclear translocation. A hallmark event of this pathway is IB␣ phosphorylation, however, we have not determined whether IB␣ phosphorylation plays a role in Bcr-Ablmediated activation of NF-B in these cells. Also, BcrAbl activates NF-B-dependent gene expression in Baf3 cells without causing nuclear translocation of NF-B (see Figs. 1 and 2 ), implicating alternative pathways to NF-B activation by Bcr-Abl. Recent data from our laboratory and others have suggested that the activation of NF-Bdependent gene expression is not entirely regulated by the nuclear translocation of NF-B (Yoza et al. 1996; Finco et al. 1997; Wesselborg et al. 1997) . Expression of oncogenic Ras in NIH-3T3 cells results in the activation of NF-B-dependent gene expression in the absence of nuclear translocation. Further investigation revealed that NF-B-dependent gene expression by Ras is induced by activating the transactivation function of p65 (Finco et al. 1997) . Similarly, Bcr-Abl activates RelA/p65 in a Ras-dependent manner. Bcr-Abl activation of NF-B in 32D cells may be, in part, caused by the modest increase in nuclear translocation as well as an increase in transactivation potential. Therefore, Bcr-Abl may signal via multiple pathways to activate NF-B.
Bcr-Abl signals to NF-B activation through a Rasdependent pathway. Ras has been shown to play a critical role in the antiapoptotic and transforming signal elicited by Bcr-Abl (Pendergast et al. 1993b; Cortez et al. 1995; Gishizky et al. 1995; Goga et al. 1995) . Whereas the mechanism of Ras-mediated activation of NF-B is not known, Bcr-Abl activates PI3K and JNK (Raitano et al. 1995; Cortez et al. 1997; Skorski et al. 1997) , both of which can function downstream of Ras and may be capable of stimulating NF-B transcriptional activity independent of inducing nuclear translocation. Inhibition of Ras function blocks NF-B activation and also inhibits Bcr-Abl-mediated transformation.
Although our data clearly show that Bcr-Abl activates NF-B, additional data show that Bcr-Abl is able to delay and reduce NF-B activation that occurs in response to TNF␣ stimulation by negatively regulating the degradation of IB␣ (J.Y. Reuther and A.S. Baldwin, unpubl.) . It is possible that Bcr-Abl is simply affecting signaling downstream of the tumor necrosis factor receptor (TNFR). However, this data may reveal a dual function for BcrAbl that also appears to occur with v-Abl. v-Abl activates NF-B (data not shown) but has also been shown to block immunoglobulin light-chain gene rearrangement and the constitutive NF-B binding activity present in IL-7 expanded pre-B cells by negatively regulating IB␣ degra-dation Klug et al. 1994) . It is possible that v-Abl activates the transactivation function of RelA/p65 as does Bcr-Abl and that the inhibition of NF-B DNA binding by these activated tyrosine kinases is a distinct and separate pathway from that which leads to an increase in the transactivation function of RelA/p65. These different methods of regulating NF-B may reflect a need to tightly control the expression of genes regulated by NF-B and may indicate distinct functions for increased nuclear accumulation of NF-B versus the activation of the transactivation function of RelA/p65 by Bcr-Abl.
Because our laboratory and others have shown a role for NF-B in the inhibition of apoptosis (Arsura et al. 1996; Beg and Baltimore 1996; Van Antwerp et al. 1996; Liu et al. 1996; Wang et al. 1996) we were surprised to find that NF-B was not required by Bcr-Abl to inhibit apoptosis in response to IL-3 withdrawal or upon exposure to etoposide and ionizing radiation (data not shown). However, it is possible that Bcr-Abl elicits multiple pathways to inhibit apoptosis (including NF-B), and the inhibition of any one signal may not induce apoptotic conditions in culture. Bcr-Abl activates phosphatidylinositol-3 kinase (PI 3-kinase) and Akt, which have been shown to mediate the inhibition of apoptosis in hematopoietic cells in response to IL-3 (Skorski et al. 1995 (Skorski et al. , 1997 Kennedy et al. 1997; Songyang et al. 1997) . In addition, the antiapoptotic function of Bcr-Abl has been linked to its ability to activate Ras and in some cells to increase Bcl-2 expression (Sanchez-Garcia and Grutz 1995; Cortez et al. 1996) . Bcr-Abl may use multiple pathways to block apoptosis and cause deregulated proliferation. Therefore, the inhibition of NF-B by the IB␣-SR may not be sufficient to demonstrate a potential role for NF-B as an antiapoptotic factor, at least in 32D cells. In addition, although the inhibition of NF-B does not lead to apoptosis of Bcr-Abl-expressing cells upon IL-3 withdrawal in vitro, it is possible that the antiapoptotic function of NF-B may be critical in primary bone marrow cell transformation or during the development of tumors in mice.
Because Bcr-Abl activates NF-B and because NF-B is required for Bcr-Abl-mediated tumorigenesis and transformation, it is likely that the products of NF-B responsive genes play a role in Bcr-Abl mediated leukemogenesis. In hematopoietic cells, growth factor deprivation results in a decrease in c-myc mRNA and protein. However, cells expressing Bcr-Abl maintain elevated levels of c-myc mRNA and protein following growth factor deprivation. In addition, c-myc is required for transformation by Bcr-Abl (Sawyers et al. 1992) . These results may reflect the ability of Bcr-Abl to activate transcription factors that positively regulate the c-myc promoter. The identification of two NF-B sites in the c-myc promoter/ enhancer and the realization that activation of c-myc by IL-1 requires functional NF-B binding sites led to the discovery that NF-B regulates c-myc transcription (La Rosa et al. 1994) . The regulation of c-myc by NF-B provides evidence of a role for NF-B in growth control, and, therefore, Bcr-Abl may, in part, use NF-B to maintain c-myc expression. However, it has been shown recently that v-Abl can activate the c-myc promoter through E2F in a Ras-dependent manner (Wong et al. 1995; Zou et al. 1997) . It is possible that E2F as well as NF-B play a role in the regulation of the c-myc promoter downstream of activated Abelson tyrosine kinases. The loss of tumorigenesis may also result from a loss in expression of cell surface proteins involved in cell adhesion that are regulated by NF-B (Baldwin 1996) . These cell surface proteins may be required to provide proper cellular interactions for tumor formation. In addition, it still remains that NF-B may play a role in the inhibition of apoptosis and that these effects can only be realized in tumor formation in nude mice or in transformation of primary bone marrow cells . Therefore, Bcr-Abl/SR cells may be deficient in tumorigenesis or transformation because of an increase in apoptosis.
Future studies will be directed toward addressing the role NF-B plays in Bcr-Abl-mediated tumorigenesis and transformation. Although the precise mechanism(s) by which inhibition of NF-B impairs Bcr-Abl-mediated transformation is unclear, the finding that NF-B is activated by Bcr-Abl and is required for oncogenesis provides new insights into Bcr-Abl signaling. It will be important to conduct further experiments to determine whether NF-B inhibitors will have therapeutic potential for Ph 1 + ALL and CML.
Materials and methods
Cell culture
Cells stably expressing Bcr-Abl (p185tkneo or p210tkneo) were obtained by retroviral infection of 32D and DAGM cells or by electroporation of Bcr-Abl (p185pSR␣ or p210pSR␣) followed by IL-3 deprivation. Cells expressing Flag-IB␣S32/36A (IB␣-SR) were obtained by retroviral infection of 32D, 32D/p185pSR␣, and 32D/p210pSR␣ cells growing in the presence of WEHI-conditioned medium (WEHI-cm) as a source of IL-3 (32D/SR, 32D/ p185, or p210/SR). Helper-free retroviral stocks were produced with the pSR␣MSVTkneo vector as described previously (Muller et al. 1991) . Retroviruses were produced in Bosc-23 cells or in 293T cells (Pear et al. 1993) . Retroviral infections were performed as described previously (Pendergast et al. 1993a ). G418 (0.5 mg/ml, GIBCO-BRL, Gaithersburg, MD) was added 48 hr postinfection to select for populations expressing the genes. Clonal cell lines were obtained by limiting dilution. Expression of Bcr-Abl and the IB␣-SR was confirmed by Western blotting.
32D myeloid, DAGM myeloid, and Baf3 pro-B cells were maintained in RPMI-1640 medium supplemented with 10% fetal calf serum (FCS, GIBCO-BRL), 10% WEHI-cm, and 100 µg/ ml penicillin and 100 µg/ml streptomycin (P/S, Sigma Chemical Co.). 32D/p185tkneo, 32D/p210tkneo, 32D/p185/SR, and 32D/p210/SR cells were maintained in RPMI-1640 medium supplemented with 10% FCS, P/S, and G418. 32D/SR cells were maintained in RPMI-1640 supplemented with 10% FCS, 10% WEHI-cm, P/S, and G418. 32D/p185pSR␣, 32D/p210pSR␣, and Baf3/p185pSR␣ cells were maintained in RPMI-1640, 10% FCS, and P/S unless otherwise indicated.
Plasmids
The Flag-IB␣-SR expression vector is a gift from D. Ballard (Vanderbilt University, Nashville, TN) and has been described previously (Brockman et al. 1995) . 3XMHC WTluc (WT B luc) and 3XMHC mutantluc (mutant B luc) are gifts from B. Sugden (University of Wisconsin, Madison) (Mitchell and Sugden 1995) . Gal4-SP1-B is a gift from X. Wang (Duke University Medical Center, Durham, NC). RasA17 is a gift from C. Der (University of North Carolina, Chapel Hill). To construct the retroviral pSR␣MSVTkneo-Flag-IB␣-SR vector, HindIII linkers were introduced at the Not1 site of Flag-IB␣-SR and the cDNA was then cloned as a HindIII fragment into pSR␣MSVTkneo. The bicistronic retroviral vector (pSR␣MSVCMV) is a modified version of the one described previously in Sawyers et al. (1992) . p185-empty was constructed by subcloning p185 as an EcoRI fragment into the EcoRI site 3Ј of the MSV-LTR. XbaI sites were introduced into Flag-IB␣-SR by PCR and this product was subcloned into the XbaI site 3Ј of the CMV promoter. Confirmation of the retroviral constructs was confirmed by Western blotting following transfection of 293T cells.
Transient transfection reporter assays
For NF-B luciferase reporter assays, 9.9 × 10 6 cells/0.3 ml were mixed with 5 µg of luciferase reporter (WT B luc or mut B luc) and 2 µg of cmv-LacZ expression vector for assays performed with stable cell lines or with 5 µg of luciferase reporter and 5 µg of Bcr-Abl or v-Abl expression vectors for assays performed in parental 32D and Baf3 cells. For Gal4 luciferase assays, cells were mixed with 1 µg of Gal-luc, 100 ng-5 µg Bcr-Abl expression vector, and 100 ng-200 ng Gal4 or Gal4 fusion expression vector. Samples were electroporated at 260 V, 960 µFD, and incubated at 37°C in 10 ml of appropriate growth medium. Cells were collected 48 hr post-transfection and washed in phosphatebuffered saline, cells were pelleted and resuspended in 0.25 M Tris at pH 7.6. Cells were lysed by three freeze/thaw cycles and lysate was clarified by centrifugation. Supernatant was collected and protein concentration determined with Protein Assay Dye Reagent (Bio-Rad Laboratories, Hercules, CA). Luciferase assays were performed by mixing 50-200 µg of lysate with 0.25 M Tris at pH 7.6 to a total volume of 100 µl. Assay reagents were ATP reagent (1 mM DTT, 2 mM ATP, 25 mM glycylglycine, 4 mM EGTA, 15 mM MgSO 4 , 15 mM K 2 HPO 4 ) and Luciferin reagent [200 µM luciferin (Sigma Chemical Co.), 25 mM glycylglycine]. Luciferase assays were performed in a AutoLumat LB953 (E G & G Berthold, Aliquippa, PA) as per manufacturer's instructions. For normalization of luciferase data, 5-10 µl of lysate was incubatedwith 100 µl of Z buffer at pH 7.0 (60 mM Na 2 HPO 4 и 7H 2 O, 40 mM NaH 2 PO 4 и H 2 O, 10 mM KCl, 1 mM MgSO 4 и 7H 2 O, 39 mM ␤-mercaptoethanol) containing chlorophenolred ␤-D-galactopyranoside (CPRG, Boehringer Mannheim Corp., Indianapolis, IN) at 37°C. On color change, assays were read at 595 nm.
Cell extracts and Western blotting
Nuclear (NE) and cytoplasmic (CE) extracts were prepared as described previously . For Bcr-Abl expressing cells, CE and NE were made from cells growing in the presence and absence of IL-3. For TNF␣ timecourse, 2 × 10 5 cells/ml were plated 18-24 hr prior to treatment. TNF␣ (Promega Corp., Madison, WI) was added to 10 ng/ml and samples were incubated at 37°C for the indicated times. Whole cell extracts of tumor samples were prepared by lysing crushed, frozen tumors in 2-4 pellet volumes of lysis buffer (20 mM Tris at pH 8.0, 10% glycerol, 137 mM NaCl, 5 µg/ml each aprotinin, leupeptin, and pepstatin, and 1 mM PMSF) for 20-30 min on ice. Lysates were clarified by centrifugation, the supernatant was collected and protein concentrations were determined. For Western blotting, equal protein per sample was separated in 8% SDS-polyacrylamide gels and transferred to nitrocellulose. Blots were blocked in 5% milk and probed with an anti-ABL monoclonal antibody or an anti-carboxy-terminal IB␣ polyclonal antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA). Blots were probed with a secondary Ab conjugated to horseradish peroxidase (Promega Corp.) and protein bands were visualized with enhanced chemiluminescence detection (Amersham Life Science, Arlington Heights, IL).
EMSA
EMSAs were performed as described previously (Haskill et al. 1991) . The DNA probe used contains an NF-B site (underlined) from the H-2 b gene (5Ј-CAGGGCTGGGGATTCCCATCTC-CACAGTTTCACTTC-3Ј) (Baldwin and Sharp 1987, 1988; Scheinman et al. 1993) . Supershift assays were performed on an anti-p50 polyclonal antibody (Santa Cruz Biotechnology, Inc.) and an anti-p65 polyclonal antibody (Rockland, Boyertown, PA)
Cell viability and apoptosis
Cells were treated with 10 ng/ml mouse TNF␣ (Boehringer Mannheim Corp.) for the indicated times and cell viability was determined by trypan blue exclusion. Apoptosis was determined by flow cytometry as described previously .
Tumor challenges
Cells were washed twice in RPMI-1640 only and resuspended at 1 × 10 7 cells/ml in RPMI-1640 supplemented with 0.1% FCS. Cells (1 × 10 6 ) were injected subcutaneously into each flank of 5-to 6-week-old athymic nu/nu female mice (Taconic Farms, German Town, NY).
Bone marrow transformation assay
Titers of the bicistronic retroviruses were determined by infection of Rat1 fibroblasts followed by indirect immunofluorescence to detect Bcr-Abl. Bone marrow transformation assays were performed as described (McLaughlin et al. 1987 (McLaughlin et al. , 1989 Sawyers et al. 1992) . Briefly, 5 × 10 6 freshly isolated bone marrow cells from BALB/c mice (Charles River Laboratories) were infected with equivalent titers of the bicistronic retroviruses encoding Bcr-Abl and the IB␣-SR in the presence of 4 µg/ml Polybrene for 6 hr. The cells were then plated in 4 ml of IMDM containing 10% FBS, 55 µM ␤-mercaptoethanol, glutamine, and P/S. Cultures were fed twice weekly and nonadherent cell counts were determined. Cultures reaching a nonadherent cell density of 1 × 10 6 cells/ml were considered transformed.
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